The energy level structure of a step-like GaInNAsSb/ GaNAs/ GaAs quantum well ͑QW͒ has been investigated by photoreflectance ͑PR͒ spectroscopy and was analyzed by theoretical calculations. In the active region of this structure, i.e., GaInNAsSb/ GaNAs QW, we have observed PR resonances related higher order QW transitions in addition to the ground state transition. Based on calculations from experimental data, we have found that the electron effective mass in the active QW is 0.12m 0 and the conduction band offset for GaInNAsSb/ GaAs interface is about 0.85. The emission observed from this structure at 10 K has a small Stokes shift ͑i.e., 6 meV and Ͻ2 meV for as-grown and annealed structures, respectively͒ and is without the exponential-like tail at the low-energy side. Hence, we conclude that the incorporation of Sb atoms into GaInNAs alloy helps to achieve QW structures which emit light at longer wavelength and have quite narrow emission line and small Stokes shift.
I. INTRODUCTION
Semiconductor lasers operating at 1.3 and 1.55 m wavelengths are very important light sources for fiber telecommunication. In 1996, Kondow proposed GaInNAs/ GaAs quantum well ͑QW͒ as a novel GaAs-based material system for this application. 1 GaInNAs-based lasers grown on GaAs substrates offer a number of advantages in comparison with current GaInAsP-based lasers grown on InP substrates. The GaInNAs/ GaAs system has a larger conduction band discontinuity and therefore provides better electron confinement and characteristic temperature. Moreover, this system is compatible with the well developed GaAs/ AlAs distributed Bragg reflectors for surface emitting sources and AlAs oxide current confinement techniques. From an economic perspective, GaInNAs-based lasers use the cheaper and more robust GaAs substrate as compared to the more expensive and fragile InP substrate used in GaInAsP-based lasers. Nowadays, the GaInNAs/ GaAs lasers present very competitive characteristics at 1.3 m wavelength, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] but it remains difficult to obtain comparable performance at longer emission wavelengths. With increasing nitrogen concentration, especially above 2.5%, the optical quality of the material usually deteriorates significantly resulting in a higher threshold current density of lasers. Therefore, the nitrogen containing structures are often annealed because it significantly enhances photoluminescence ͑PL͒ intensity. Annealing, however, has the disadvantage in which the band gap energy blueshifts. [12] [13] [14] [15] Optimal values which are typically used for 1.3 m emission are, respectively, ϳ35% In and ϳ1% N. Higher In compositions increase the compressive strain past a critical point in which the QW structural quality is degraded. Higher nitrogen composition introduces nonradiative centers which results in poor optical properties. For these reasons, other approaches were developed to redshift the emission wavelength and maintain good optical quality. 16 One of them is to introduce strain compensated Ga͑In͒NAs layers to this GaInNAs/ GaAs QW structure, [17] [18] [19] [20] [21] [22] [23] [24] the active region of such a laser structure is a step-like QW. The other approach is to incorporate Sb atoms into GaInNAs compound. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] It has been found that the incorporation of Sb atoms into GaInNAs, besides a lowering of the band gap energy, significantly improves the structural and optical properties of this compound. 27, 30 Combining the idea of steplike QW structure with the active region consisting of GaInNAsSb/ GaNAs quantum well seems to be one of the most appropriate approaches to obtain long-wavelength lasers. Recently, a 1.46 m vertical-cavity surface-emitting laser ͑VCSEL͒ grown on GaAs substrate with the a͒ Author to whom correspondence should be addressed; electronic mail: robert.kudrawiec@pwr.wroc.pl GaInNAsSb/ GaNAs QW has been reported. 34 In order to tailor the most optimum structures, experimental data about band gap discontinuities for this system are necessary. So far, the knowledge about the energy level structure for GaInNAsSb/ GaNAs QW systems is unknown. An investigation of the number of confined states for electrons and holes and the energy difference between them is a very interesting task. Photoreflectance ͑PR͒ spectroscopy is an excellent technique to investigate both the fundamental and higher order QW transitions. 37, 38 The simulation of PR data with theoretical calculations makes it possible to determine material parameters like the band gap discontinuity. Such procedures have often been applied in different semiconductor structures. [37] [38] [39] [40] [41] [42] In this article we study a step-like GaInNAsSb/ GaNAs/ GaAs QW structure very similar to this one reported in Refs. 31 and 34. In order to determine the energy level structure and band gap discontinuities, we applied PR spectroscopy supported by theoretical calculations. The effect of postgrowth annealing has also been investigated in this article. We have determined the Stokes shift for the as-grown and annealed structure by measuring PR and PL at 10 K.
II. EXPERIMENT
The step-like GaInNAsSb/ GaNAs/ GaAs QW structure was grown by solid-source molecular beam epitaxy on semiinsulating GaAs substrates. The sample is composed of 250 -nm-thick GaAs buffer layer, 50-nm-thick GaAs:N layer with the nitrogen concentration of ϳ0.1%, GaNAs step-like barriers, GaInNAsSb QW, and 50-nm-thick GaAs cap layer. The GaInNAsSb/ GaNAs QW has a nominal composition of 39% In, 1.7% N, 2% Sb in the GaInNAsSb layer and 2.7% N in the GaNAs barriers. The nominal thickness of the GaNAs step-like barriers and GaInNAsSb QW is 20 and 7.5 nm, respectively. In addition, a sample without GaInNAsSb QW was grown as a reference structure useful in the interpretation of PR spectra for the step-like QW structure. The GaAs:N layer is not an intentional part of the structure, but a result of the growth method we use. Other details of the growth conditions can be found in Refs. 27, 29-32, and 34. A piece of the step-like QW structure was annealed at 760°C for 60 s.
The PR experiment was performed with a tungsten halogen lamp ͑150 W͒ as a probe light source. For photomodulation, a 532 nm line of a yttrium-aluminum-garnet ͑YAG͒ laser with 15 mW power was used as a pump beam that was mechanically chopped at a frequency of 285 Hz. The probe and pump beams were defocused to the diameter of 5 mm. A single grating 0.55 m monochromator and a thermoelectrically cooled GaInAs p-i-n photodiode were used to analyze the reflected light. Other details of the PR setup can be found elsewhere. 38 Photoluminescence experiment was performed with the same monochromator and laser. The excitation beam was focused onto sample that excitation power density was about ϳ50 mW/ cm 2 . Figure 1 shows room temperature PR spectra of the steplike GaInNAsSb/ GaNAs/ GaAs QW structure ͓curve ͑i͔͒ and the reference GaNAs/ GaAs structure ͓curve ͑ii͔͒. In the case of the reference structure, PR features associated with the absorption in GaNAs, GaAs:N, and GaAs layers are clearly observed. PR features related to GaNAs layer are composed of two resonances associated with absorption between the light-͑heavy-͒ hole band and the electron band. The lighthole ͑LH͒ transition is at lower energy than heavy-hole ͑HH͒ transition due to the tensile strain in this layer. The signal between PR resonances attributed to GaNAs and GaAs:N layers is also associated with the GaNAs layer. The origin of this signal could be a weak built-in electric field in the structure, because the signal looks like Franz-Keldysh oscillations. 37, 38, 43 The other origin of this signal could be absorption between higher order subbands in the GaNAs/ GaAs system as has been shown in Ref. 44 . However, in this article we do not consider this part of PR spectrum in detail.
III. RESULTS
All PR features observed for the reference sample are also observed for the step-like GaInNAsSb/ GaNAs/ GaAs QW structure but they are not discussed in this article in detail. In this work we focus on PR features related to absorption in the active part of the laser structure, i.e., in the GaInNAsSb/ GaNAs QW. PR resonances associated with the absorption in the GaInNAsSb/ GaNAs QW are clearly observed below 1.05 eV. We can identify two resonances at energies ϳ0.82 and ϳ0.93 eV. An additional resonance between the two main resonances is also visible. Unfortunately, the noise associated with an absorption related to H 2 O appears at this energy ͑see also the reference sample͒. In order FIG. 1. Room temperature photoreflectance spectra of as-grown step-like GaInNAsSb/ GaNAs/ GaAs QW structure ͑i͒ and GaNAs/ GaAs structure ͑ii͒.
to clarify the number of QW transitions and determine particular QW levels, we have measured PR at low temperatures.
Figures 2͑a͒ and 2͑b͒ show low-temperature PR spectra of the as-grown and annealed step-like QW structures, respectively. The dashed lines in Fig. 2 are the moduli of PR spectra obtained by Kramers-Kronig analysis ͑KKA͒ of PR spectra. 45, 46 This analysis, besides the standard fitting procedure, 37 helps identify optical transitions observed in PR spectra. With the decrease of temperature, the PR lines narrow and shift to higher energies. This facilitates a more careful identification of the number of PR resonances and their oscillator strengths. Finally, we have identified two strong PR resonances related to 11H and 22H transitions and one weaker related to 31H transition. The notation nmH denotes the transition between nth heavy-hole valence subband and mth conduction subband. Such identification of the resonances is consistent with the selection rules for square-like QWs and agrees with the theoretical calculations for this system. The last argument could be controversial due to poor knowledge of the parameters for the GaInNAsSb alloy. However, the careful analysis of an acceptable spectrum of parameters for this material system leads to the conclusion that two states are confined in the electron QW and three states are confined in the heavy-hole QW. Details of our analysis are presented below. We decided to calculate and analyze carefully the data at room temperature due to the better knowledge of material parameters for this system at this temperature. Also, we limited our considerations to the as-grown structure. In the case of annealed QW structure, only a shift of QW transitions is expected without a change in the number of confined states. The shift could be associated with both ͑i͒ a blueshift of GaInNAsSb band gap energy and ͑ii͒ a phenomenon of the atom interdiffusion across GaInNAsSb/ GaNAs interfaces. 47 We suppose that in our samples the second effect is less important than the first one as in GaInNAs/ GaAs QW systems. [47] [48] [49] Therefore, the entirety of the blueshift found in the GaInNAsSb/ GaNAs QW structure ͑ϳ42 meV͒ is attributed to the blueshift of band gap energy of GaInNAsSb layer. The effect of the blueshift of band gap energy due to the postgrowth annealing is typical of all dilute-nitride alloys. [47] [48] [49] [50] [51] [52] In the case of this alloy, almost all the blueshift is associated with a change in nitrogen nearest-neighbor environment from Ga-rich to In-rich environments of N atoms. 51, 52 However, the blueshift of band gap energy has also been observed for GaNAs and GaNAsSb alloys, i.e., In free alloys. 15, 50 In this case, the blueshift phenomenon cannot be explained by the effect of short range ordering like that in GaInNAs. The blueshift is attributed to the annealing-induced reduction of the tail of density of states.
15,51 Finally, we assume that for GaInNAsSb alloy, both the change in nitrogen nearest-neighbor environments and the reduction of the tail of density of states are important and lead to the blueshift of band gap energy.
The calculations of QW energy levels were performed within the framework of the usual envelope function approximation. 53 The excitonic effect was neglected. In order to find the band gap energy for GaNAs and GaInNAsSb layers, we have adopted the band anticrossing ͑BAC͒ model with typical parameters: E N = 1.65 eV, and C NM = 2.7 eV. 54 According to the BAC model, the influence of nitrogen localized states on the valence band structure is neglected. Hence, we have assumed that the effective mass of light and heavy hole does not change after adding nitrogen atoms. The biaxial strain was calculated based on the Pikus 
where is the strain tensor in the plane of the interfaces, C 11 and C 12 are elastic stiffness constants, and a and b are the hydrostatic and shear deformation potentials, respectively. All the parameters have been obtained by linear interpolation between the parameters of a relevant binary semiconductor. 57 In our calculations, we consider m e * and Qc as free parameters. However, we have limited the range of the two parameters on the basis of literature data. [58] [59] [60] [61] [62] [63] [64] [65] [66] We assume the electron effective mass to be in the range of 0.06-0.3 m 0 . In our calculations, we do not assume the Qc parameter for the GaInNAsSb/ GaNAs interface directly. We consider independently the Qc parameter for both GaNAs/ GaAs and GaInNAsSb/ GaAs interfaces. In our calculations we limited Qc parameter to 0.75-1.0 for GaNAs/ GaAs interface and to 0.6-1.0 for GaInNAsSb/ GaAs interface. However, if we assume that GaInNAsSb/ GaNAs QW is type I, we automatically limit the possible Qc to a narrower range because, for some Qc, we obtain quantum confinement in the barrier for electrons instead of the QW, e.g., the case of Qc = 1.0 and Qc = 0.75 for GaNAs/ GaAs and GaInNAs/ GaAs interfaces, respectively. In the case of the valence band, strains present in our sample ͑ = −0.55% for GaNAs and = 2.61% for GaInNAsSb͒ lead to the structure of type I and II for heavy and light holes, respectively. Therefore, all PR resonances related to absorption in GaInNAsSb/ GaNAs QW are attributed to transitions between heavy-hole and electron subbands. Some indirect transitions between light holes confined in GaNAs step-like barriers and the first electron subband are also possible, however, due to weak overlap of the electron and hole wave functions, such transitions are neglected in our analysis. Important parameters in the calculations are the QW width and the content of QW and barriers. The first influences energies of QW transitions and energy differences between them while the second influences mainly energies of QW transitions. The width of QW was verified to be 7.8 nm by high-resolution x-ray diffraction ͑HRXRD͒. The content of GaInNAsSb and GaNAs layers was determined by secondary ion mass spectroscopy and HRXRD measurements as being close to the nominal values. Details of the calibration steps are described elsewhere. 27, 30 Therefore our calculations do not vary the nominal content for both the QW and barriers especially, that the BAC parameters for GaInNAsSb alloy are unknown. We have assumed that the best solution is to adjust C MN parameter to such a value for which the energy of the ground state transition agrees with experimental value. Finally, for the calculations presented in this article we have assumed that C MN is 2.5 eV.
The band diagram for the as-grown step-like QW structure obtained on the basis of matching theoretical calculations with experimental data obtained at room temperature is shown in Fig. 3 . In this case, we obtained that the depth of electron and heavy-hole QW is ϳ144 and ϳ127 meV, respectively. The depth of the wells results from the Qc for GaNAs/ GaAs and GaInNAsSb/ GaAs interfaces and strain effects. Note that in our calculations, we assume Qc before taking into account the strain effects. In the case of low Qc for GaNAs/ GaAs interface, we obtained only one electron state in GaInNAsSb/ GaNAs QW. We had tried to match the result with experimental data; however, the energy differences between PR resonances are much larger than calculated values. Hence, we conclude that we have to have two confined states for electrons. This leads to a strong correlation between Qc for GaNAs/ GaAs and GaInNAsSb/ GaAs interfaces. The second parameter, which is not well known for this system but strongly influences the energy difference between electron levels, is the electron effective mass. We can estimate the difference between electron levels precisely because we observed the 22H transition and energies of heavy-hole levels are well known for this system ͑h2−h1 Ӎ 30-35 meV͒. Thus, we estimated the energy difference between the second and the first electron levels to be about 75 meV. This difference does not change significantly with the change in the QW depth as it is seen in Fig. 4 ͑compare solid and dashed lines͒. On the basis of calculations shown in Fig. 4 , we have determined that the electron effective mass in our system is about 0.12m 0 . It corresponds ϳ100% increase in the electron effective mass in comparison to N free compound, i.e., GaInAsSb. The increase in the electron effective mass is typical of N containing III-V compounds and QW structures. 42, [58] [59] [60] [61] Similar electron effective mass has been observed for GaInNAs/ GaAs QWs. 42 Figure 5 shows calculations of QW transitions for different values of Qc parameter. On the basis of this figure and literature data, [63] [64] [65] [66] we conclude that in our system the acceptable Qc is in the range of 0.8-0.9 and 0.85-0.90 for GaNAs/ GaAs and GaInNAsSb/ GaAs interfaces, respectively. 
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GaInNAs-based QW structures exhibit specific PL properties at low temperatures. The emission peak of GaInNAs/ GaAs QWs is asymmetric with a sharp highenergy cutoff, while the low-energy side has an exponential tail. [66] [67] [68] [69] The tail in this case can be assigned to excitons/ carriers, which are localized by potential energy fluctuations near the band edges. The strong carrier localization leads to a large Stokes shift for this system. Note that for GaInNAs/ GaAs QWs with smooth interfaces the large Stokes shift is also observed. Therefore, this phenomenon is mainly attributed to unusual properties of GaInNAs alloy. It is expected that an incorporation of Sb atoms into GaInNAs can influence the quality of this material. This issue is carefully investigated in this article.
Figures 6 and 7 show a comparison of PR and PL spectra recorded at 10 K for as-grown and annealed GaInNAsSb/ GaNAs/ GaAs QW structures, respectively. In order to determine the energy of PR resonance precisely, we have applied the standard fitting procedure assuming Lorentzian line shape with m = 2 typical of excitonic PR resonance. 37, 70 According to this model PR spectrum can be fitted using the following formula:
where ប is the photon energy of the probe beam, E is the transition energy, and ⌫, C and are the broadening, amplitude and phase angle, respectively. The solid and dashed lines in Figs. 6 and 7 are the fit and the modulus of the fit, respectively. In addition, the energy of PR resonance has been determined using KKA, see the thin solid line in Figs. 6 and 7.
We have found that the Stokes shift at 10 K is 6 meV and Ͻ2 meV for as-grown and annealed step-like GaInNAsSb/ GaNAs/ GaAs QW structures, respectively. It is much smaller than in typical Ga͑In͒NAs/ GaAs system [66] [67] [68] [69] and could be attributed to the growth process optimization as well as to the introduction of Sb atoms. Probably, the surfactant-like effect of Sb improves the optical quality of the material and it could be the reason for the reduction in carrier localization. Also, the analysis of the line shape of PL peak confirms that the effect of carrier localization is weak in these samples. We observe a symmetric Lorentzian-like peak in Fig. 8 without an exponential tail at the low-energy side, typical of GaInNAs/ GaAs QWs. It could be expected that the optical quality would be better for quaternary rather than quinary compound. Additionally, it could be expected that the quality of quarternary/binary interface ͑GaInNAs/ GaAs͒ should be better than the quality of quinary/ternary interface ͑GaInNAsSb/ GaNAs͒. Our results shows that good optical quality could be obtained for the QW system composed of quinary compound with quinary/ternary interface, i.e., for the GaInNAsSb/ GaNAs/ GaAs QW.
Our experimental results show that this material system has potential applications for high-power edge-emitting lasers ͑EEL͒ and vertical-cavity surface-emitting lasers ͑VC-SELs͒ operating at 1.55 m. In the case of the structure reported in this article, the depth of the heavy-hole QW could lead to carrier ͑hole͒ leakage problems for the EELs and VCSELs. However, we believe that the depth of the heavy-hole QW can be easily increased by some modifications in the content of the QW and/or step-like barriers. Sb containing III-V-N compounds will be very promising for optoelectronic devices operating at longer wavelengths.
IV. CONCLUSIONS
Optical properties of the step-like GaInNAsSb/ GaNAs/ GaAs QW structure were investigated by PR and PL at low and room temperatures. In the case of PR measurements, we have observed optical transitions associated with absorption in the GaInNAsSb/ GaNAs/ GaAs QW, step-like GaNAs barriers, and GaAs barriers. On the basis of the calculations within the effective mass approximation we have determined the electron effective mass and the band alignment for the GaInNAsSb/ GaNAs/ GaAs QW as being m e ϳ 0.12m 0 and Q c ϳ 0.85, respectively. Moreover, we observed the emission peak at 10 K is with small Stokes shift without an exponential tail at the low-energy side. We have observed that the Stokes shift is 6 meV and Ͻ2 meV for the as-grown and annealed step-like GaInNAsSb/ GaNAs/ GaAs QW structure. Hence, we have concluded that the incorporation of Sb atoms into GaInNAs/ Ga͑N͒As QW structure makes it possible to achieve the emission at longer wavelength and helps to keep good optical quality for this system.
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